INTRODUCTION
The inhibition of interferon production by actinomycin (Heller, 1963) suggests that the formation of the messenger RNA for interferon synthesis is directed by cellular DNA rather than by the virus nucleic acid. This interpretation accounts for the frequent observations of the species specificity of interferon (Lockart, 1966 ) and the induction of an apparently identical interferon by either a DNA or RNA virus (Lampson et al. I965) . Interferon production may therefore be regarded as a derepression process, and its understanding may be of general interest.
This interpretation assumes that actinomycin inhibits interferon production by acting as an inhibitor of DNA-dependent RNA synthesis (Reich & Goldberg, 1964) . Actinomycin does, however, exert a number of other effects (Singer & Leder, I966) , including inhibition of DNA synthesis (Baserga et al. I965) , inhibition of RNA transfer from the nucleus to the cytoplasm (Levy, I963) , inhibition of protein synthesis by a process reversible by glucose (Honig & Rabinowitz, I966 ) , and inhibition of the multiplication of some RNA viruses (e.g. White et al. 1965) . It has been claimed to cause breakdown of messenger RNA (Welsher et al. I965) , although the interpretation of the results which led to this conclusion has been challenged (Levinthal et al. 1963; Chantrenne, I965) .
It seemed important to establish whether actinomycin inhibited interferon production because of its primary effect or because of some secondary one. We therefore investigated the effect of actinomycin, at several concentrations, on interferon production initiated by three different viruses in chick embryo cells. We also compared the Interferon production and RNA inhibitors 351 o.oi M-phosphate buffer, pH 7"6) for IO min. at 2 °. After centrifugation (3000 rev./ rain. for Io rain.), the phenol and interfacial layer were washed with phosphate buffer, and then vigorously extracted with phenol (saturated with o.oI M-phosphate buffer, pH 7"6) plus 0"5 ~ sodium dodecyl sulphate for Io min. either at room temperature or at 5 °0 . Both extracts were washed with phenol before passage through columns of 'Sephadex G-25' (Brown & Cartwright, I964) . The unretarded radioactive fraction (2 ml.) was then centrifuged for I6 hr. at 20,000 rev./min, on a 5 to 25 ~o sucrose gradient in o.I M-acetate buffer, pH 5"0, at 5 ° in the SW25 rotor of the Spinco L2 centrifuge. After collection of I ml. fractions, 0"5 ml. of each fraction and 0"5 ml. HzO was added to IO ml. of a dioxan-based scintillator (Bray, I96o) and assayed for radioactivity, while the remaining 0"5 ml. was used for measurement of optical density at 260 m#. Samples containing both 8H and 14C were counted by a channel ratio method (Hendler, I964) at an efficiency of 24 ~o for 1~C and IO ~o for 3H. 
RESULTS

Effects of the inhibitors on cellular metabolism and virus multiplication
To define, as far as possible, the site of action of the three inhibitors used in this work, their effect on cellular DNA, RNA and protein synthesis was measured, as well as their effect on the multiplication of several viruses.
Actinomycin. Actinomycin caused a rapid depression of the rate of RNA synthesis (Fig. I a) , the higher dose (o'5 #g./ml.) exerting its full effect within I hr of addition. A decreased rate of DNA synthesis together with a decreased rate of protein synthesis was also observed (Fig. I b, c) . The effects of actinomycin on the synthesis of the different species of cellular RNA was examined by extracting the cells successively with phenol and then with phenol + sodium dodecyl sulphate, followed by fractionation on a sucrose gradient. Examination of the phenol extract, which consisted mainly of cytoplasmic RNA (Fenwick, I964) showed that actinomycin inhibited the formation of ribosomal RNA rather than of soluble RNA as found by Franklin (I963) , while examination of the phenol + sodium dodecyl sulphate extract, which consisted mainly of rapidly labelled ribosomal RNA precursor (Scherrer, Latham & Darnell, I963) , showed that all species were inhibited. As observed by others, actinomycin was shown to have no effect on the multiplication of Semliki Forest, Chikungunya, Newcastle disease or parainfluenza viruses, but to inhibit the multiplication of fowl plague and influenza viruses (Reich & Goldberg, I964). were infected with o'5 ml. of virus (haemagglutinin titre 8o to I6o)for I hr at 37 °, the cultures washed twice with maintenance medium, and then z ml. of control medium (0--0) or medium containing Io #M TRB (©--©) added. Virus released into the medium was titrated at the times shown. Titration of the cell-associated virus (obtained by 3 cycles of freezing and thawing) showed that inhibition was not due to delay or inhibition of virus release.
4,5,6-Trichloro-lfl-D-ribofuranosyl benzimidazole. Increasing concentrations of TRB
had an increasing inhibitory effect on the rates of cellular RNA and protein synthesis ( Table I ). The highest concentration (it/zM-TRB) acted more rapidly on the rate of RNA synthesis than on that of DNA and protein synthesis ( Fig. 0 . Like actinomycin, TRB caused greater inhibition of ribosomal RNA synthesis than of soluble RNA synthesis, and it also inhibited the formation of the rapidly-labelled RNA extracted by phenol+sodium dodecyl sulphate (Fig. 2) . When the effect of TRB on virus multiplication was measured, it was found that while it had little inhibitory effect on 23 J. Virol. i the growth of Newcastle disease and Semliki Forest viruses and none on that of parainfluenza virus, it inhibited the multiplication of both influenza A (MEL) and fowl plague virus (Fig. 3 ). Since the viruses most readily inhibited by TRB are also those inhibited by actinomycin, TRB may possibly be also a preferential inhibitor of DNA-directed RNA synthesis. e- benzimidazole. Addition of MPB to chick cells caused an immediate and competitive inhibition of uridine phosphorylation, probably by inhibition of uridine kinase (Skehel et aL I967) . Consequently it was not possible to measure the effect of MPB on RNA synthesis by determining the rate of radioactive uridine incorporation. However, it was possible to measure the effect of MPB on RNA synthesis by a colorimetric method: it inhibited the synthesis of both soluble and ribosomal RNA (Fig. 4) . This inhibition was not due to a non-specific toxic effect since the amount of DNA per culture was not depressed after 3 days incubation with MPB. Nor could it be due to inhibition of uridine kinase since free uridine is not involved in the normal pathway of RNA synthesis, and a second site of inhibition was indicated. MPB (50 #g./ml.) caused much greater inhibition of fowl plague and influenza virus multiplication than that of Newcastle disease and parainfluenza viruses (Fig. 5) , while it had no effect on the multiplication of Semliki Forest virus even when the cells were pretreated for I8 hr with MPB (5o #g./ml.) In the latter experiment, the inhibitor was present in the virus inoculum and throughout the multiplication cycle, yet the yield in inhibited cultures was I-6 x IO a p.f.u, compared with 4 x io 8 p.f.u, in the controls. Like actinomycin, MPB was only effective in inhibiting the multiplication of influenza virus when added during the first 2 hr of infection (cf. White et aL 1965) . Its inhibitory effect on the multiplication of fowl plague virus was almost completely reversible after pre-incubation for 8 hr with 50 #g./ml. of MPB, followed by washing and infection (Table z) , although other experiments showed some decrease in the rate 
Effect of the inhibitors on interferon production induced by Chikungunya virus
When chick cells were infected with Chikungunya virus for one hr at 37 °, and subsequently incubated at 420 (Ruiz-Gomez & Isaacs, I963), interferon was produced at a rapid rate (45 units/hr) for about 9 hr, when production slowed. The system was similar to that recently described using Semliki Forest virus to infect (Burke, Skehel & Low, I967) except that titres were two-to fourfold higher. Interferon production was inhibited by treatment of the cells with p-fluorophenylalanine (FPA), puromycin, actinomycin and MPB ( 0'06 #g./ml. 24 o'5 #g./ml. 9
I "0 #g./ml. 9 5o #g.]ml. 4o
--95 5o #g./ml. 8 MPB were added during the course of interferon production (Table 4) , it was found that both inhibitors were effective when added I hr after infection, although neither was effective when added 3 hr after infection. The effects of addition of actinomycin shortly after infection was further examined by measurement of the titres at hourly intervals after addition of actinomycin (Fig. 6 ). Interferon production was unaffected for I hr after addition of the inhibitor, and then production continued but at a decreased rate. Thus actinomycin exerted its effect almost as rapidly as on [3H]uridine incorporation (Fig. 0 , the continued production of interferon probably being due to the stable messenger RNA formed before inhibition of its synthesis. 
Effect of the inhibitors on interferon production induced by u.v.-irradiated Newcastle disease virus
Ho & Breinig 0965) showed that actinomycin inhibited interferon production by u.v.-irradiated Newcastle disease virus. This was confirmed. Actinomycin and MPB inhibited production when added up to 12 hr after infection but had no effect when added at I6 hr after infection (Table 5) . Thus, although this system showed a much longer lag and a slower rate of interferon production than the Chikungunya-induced system, inhibitors of RNA synthesis ceased to be effective in both just after the end of the lag phase.
Effect of the inhibitors on interferon production induced by u.v.-irradiated influenza virus
Interferon production induced by u.v.-irradiated MEL was inhibited by actinomycin, TRB and MPB (Table 6 ). When actinomycin (0.06 #g./ml. and 0"5 #g./ml.) and TRB (IO #i) were added during the production of interferon, both inhibitors caused some inhibition of interferon production when added as late as 26 or 3 ° hr after infection lI 26 (Table 7) . The rate of interferon production was constant at 6"3 units/hr between I8 and 35 hr after infection. It could thus be estimated that in the control cultures interferon production ceased at about 40 hr after infection, and that in the cultures to which inhibitor was added, production ceased 3 to 5 hr after addition of actinomycin or 3 to 9 hr after addition of TRB. Thus the messenger appeared to have a half-life of about 2 to 4 hr in contrast to more than 6 hr for the other two viruses and 2I hr for the system described by Wagner 0964).
DISCUSSION
The three inhibitors of RNA synthesis used in this study acted primarily as inhibitors of DNA-directed RNA synthesis. Actinomycin has been widely used for this purpose, and although it shows a number of side effects, at low concentrations and with short incubation periods its action is specific (Reich & Goldberg, I964). TRB and the related dichloro-compound, DRB, inhibited the multiplication of DNA and RNA viruses, and also RNA synthesis of the host cell (Tamm, Nemes & Osterhout, I96O), They have been regarded as general inhibitors of RNA synthesis. However, DRB was more active against viruses requiring DNA-directed RNA synthesis for multiplication (influenza and vaccinia viruses and adenoviruses) than against poliovirus, which multiplies independently of DNA-directed RNA synthesis (Tamm et al. I96o) . We found that TRB was more active against viruses requiring DNA-directed RNA synthesis (influenza and fowl plague viruses) than those that do not (parainfluenza and Newcastle disease viruses). Its inhibition of ribosomal RNA synthesis and interferon production is consistent with the preferential inhibition of DNA-directed RNA synthesis by TRB. MPB appears to act in a similar way to TRB in that it inhibits ribosomal RNA synthesis, interferon production and those viruses which require DNA-directed RNA synthesis. Although TRB and MPB show similar effects to those of actinomycin, it is unlikely that they act in exactly the same way since their structures are so different from that of actinomycin. Further work using cell-free systems is in progress.
Bucknall (I967) recently published data on the effects of TRB and MPB on nucleic acid synthesis and virus multiplication. He found that TRB preferentially inhibited RNA synthesis, the effect increasing with time, and our results are similar to his. However, MPB, unlike, TRB, rapidly and competitively inhibits nucleoside phosphorylation in both chick embryo and L cells (Skehel et al. I967) . The incorporation of radioactive nucleosides cannot therefore be used to follow nucleic acid synthesis, and the rapid effect on both uridine and thymidine incorporation observed by Bucknall was probably due to inhibition of nucleoside phosphorylation, not to inhibition of nucleic acid synthesis. Bucknall found that influenza, parainfluenza, vaccinia and encephalomyocarditis viruses were all inhibited by both TRB and MPB. Influenza and vaccinia viruses are actinomycin sensitive and were considerably more sensitive to MPB and TRB than encephalomyocarditis virus, which is insensitive to actinomycin. However, Bucknall found that parainfluenza virus, which is also insensitive to actinomycin was as sensitive to the inhibitors as influenza virus, while we have repeatedly observed stimulation of parainfluenza virus multiplication by both TRB and MPB. This difference may be due to the different host cells; the multiplication of parainfluenza is inhibited in chick cells treated with actinomycin before infection, but not in chorioallantoic membrane pieces similarly treated (unpublished results). No infor-s. WALTERS, D. C. BURKE AND J. J. SKEHEL mation is available about the effect of actinomycin on the multiplication of either parainfluenza or encephatomyocarditis virus in calf kidney ceils. It is impossible therefore to decide whether the antiviral effect of TRB and MPB in calf kidney cells is similar to that of actinomycin or not. Thus Bucknalrs conclusion that MPB and TRB show no selective antiviral action is probably true for actinomycin sensitive viruses only.
All three compounds inhibited interferon production at concentrations where their primary effect was to inhibit RNA synthesis. When actinomycin was added early in interferon production induced by Chikungunya virus it inhibited interferon production as rapidly as RNA synthesis, strengthening the view that they are causally connected. Further, the structures of the three inhibitors are so different that they are unlikely to inhibit interferon production by a common secondary process, and we conclude that DNA-directed RNA synthesis is essential for interferon production.
Several workers have added actinomycin during the course of interferon formation in order to obtain data about the time of formation and the stability of the interferon messenger RNA. Interpretation assumes that the formation of interferon messenger RNA is the rate-limiting process for interferon synthesis, and that actinomycin has no effect on the stability of the messenger RNA. Previous results (summarized by Burke, I966) showed that messenger RNA synthesis was complete shortly after infection and that it was stable for at least 2o hr. The results obtained with Chikungunya virus and u.v.-irradiated Newcastle disease virus are consistent with those findings, and in all cases, except two, actinomycin ceased to be effective at or shortly after the end of the lag period. This indicated that formation of the interferon messenger RNA is the last stage in the lag period, whatever its length. The first exception is the u.v.-irradiated Newcastle disease virus system with a lag period of about 8 hr which Ho & Breinig 0965) found became much less sensitive about 2 hr after infection. However, they could not rule out continued formation of messenger RNA after the 2 hr period, and our results indicate that the system did not become completely insensitive until I2 to I6 hr after infection. The second exception is the u.v.-irradiated influenza A virus system described in this paper, for in this case interferon production remained sensitive to actinomycin throughout the period of production, indicating that the interferon messenger RNA had a much shorter half-life in this system than the others. There are several possible explanations for this result. First, it could be due to a secondary effect of actinomycin and TRB, more apparent in this system because of the long incubation periods. However, both doses of actinomycin gave the same result and Soeiro & Amos (I966) showed that the secondary effects of actinomycin in chick cells were much more apparent at Po/zg./ml. than o.I#g./ml. Secondly, the short half-life of the messenger could be due to some manipulative or cultural effect on the cells. However, cells treated in the same way produced a stable messenger after infection with Chikungunya virus. Thirdly, influenza is the only actinomycin-sensitive virus that has been used for interferon production, and it is possible that the stability of the interferon messenger RNA may depend in some way on an early stage of virus infection, which in this case is actinomycin-sensitive. Further speculation is premature in the light of our limited understanding of either the actinomycin-sensitive stage of influenza virus multiplication, or the sequence of events early in virus-induced interferon formation.
